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Abstract 
Vortex flow forms due to spiral motion of the air bubbles around water in the aeration tank. The formation of vortices would 
indicate the mixing pattern of water and air in the aeration tank. The mixing of two phases such as air-water or water-air flow 
systems in the aeration tank is important to increase oxygen transfer efficiency in aeration process. With different process 
parameters of the aeration tank such as the diameter of pore size of the membrane, diameter of diffuser and air mass flow rate are 
simulated using ANSYSTM CFD software. When the air mass flow rate increasing, the diameter of pore size decreasing, the air-
water or vice versa are mixed homogenously and increases the oxygen transfer efficiency. The air-water mixing efficiency increases 
if the diameter of membrane pore size decreases at higher mass flow rate and the diameter of diffuser is in the practical range which 
is between 4 to 12. An improvement of vortices occurs in an aeration tank when higher strength of air velocity curl occurs. 
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1. Introduction 
Aeration is a process by bringing water and air into close contact in order to increase the dissolve oxygen in the 
wastewater industry such as Indah Water Consortium and palm oil industry. By consuming the dissolved oxygen, 
microorganism in the wastewater would metabolize the organic materials and would break them down into simpler 
compound such as carbon dioxide. This would help to reduce the biological oxygen demand (BOD) in wastewater 
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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treatment. Therefore, the mixing of air-water is one of the vital elements that could increase the oxygen transfer 
efficiency in water. 
 When air is dispersed in the aeration tank, air bubbles would be formed in the water. The formation of bubbles 
would lead to vortices and vortex flow in the aeration tank. Vorticity is the measurement of rotation of a fluid particle 
[1]. In aeration tank, the air entering an the inlet is irrotational flow and it remains until it encounters water molecule 
collide each other, then the airflow become rotational and vortex flow. 
 Gillot et al., 2005 has analyzed the oxygenation performances of fine diffused aeration systems in cylindrical 
tank by using dimensional analysis. In their findings, the oxygen transfer coefficient increases with varies number of 
diffusers and aeration area [2]. Besides that, Fayolle et al., 2007, did a CFD simulation on oxygen transfer prediction 
in aeration tanks to optimize the aeration in activated sludge processes, they found that the oxygen transfer efficiency 
increase when the bubble size decreases [3]. Yuxian Hu et al., 2010, did a research on numerical simulation and 
experiment of gas-liquid flow in aeration tank. In their research, air is injected at the bottom of the tank through 
aeration tube. They found that the greater the speed of the aeration, more vortex is formed which indicate better 
dissolve oxygen diffusion [4]. 
 Most of researchers did the research in experimentally, however, not much research work done in numerically 
in order to investigate the air-water mixing flow pattern for vortex flow in aeration tank. Therefore, numerical method 
is used such as Computational Fluid Dynamics (CFD) to analyze and simulating fluid flow especially vortex flow. 
The vorticity vector is defined mathematically as the curl of the velocity vector of fluid particle [1]. By applying CFD, 
the vorticity vector could be solved to get the two phases such as air-water flow systems in the reactor aeration tank 
for wastewater treatment plant. By simulating the vortex flow, the overall flow field of air and water in the tank can 
be analyzed. A better design of diffuser and aeration tank is very important to increase the efficiency of air-water 
mixing in the aeration tank. The efficiency of oxygen transfer would increase if the efficiency of air-water mixing in 
the aeration tank increases. 
 
 
2. Methodology 
 
 
In ANSYSTM CFX workbench, geometry modeling, meshing, setup, solver and post-processing are the steps to 
perform analysis and design optimization. Air is injected through the membrane diffuser at the bottom of the aeration 
tank. Then, the air will flow out from the reactor through the opening on the top of the aeration tank. The model shown 
in Figure 1(a) and 1(b) is drawn in Design Modeler using ANSYSTM CFD software (CFX 13.0 code) [6]. 
 
Fig. 1. (a) Two-dimensional model of the aeration tank design in unit mm and (b) 3D model of aeration tank in 
ANSYSTM CFD software (CFX 13.0 code). 
 
Membrane 
Diffuser 
Air outlet 
Air inlet 
Wall 
(a) (b) 
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After creating the 3D solid model in Design Modeler, the model is then converted into finite element model by 
using meshing method. The CFD simulation was performed which uses a finite volume method for discretisation of 
the Reynolds-Averaged Navier-Stokes equations. The two phases involved are water as the continuous phase and air 
as the dispersed phase with a bubble diameter of 1 mm. The mass flow rate of air is set to be 0.001 kg/s. Furthermore, 
the turbulence of the continuous phase is modeled by the k-ε model and the disperse phase is modeled by Dispersed 
Phase Zero Equation model are used. Standard wall functions are used to set up the wall region. Walls are treated as 
no-slip condition and the water surface is modeled as a degassing boundary condition. The continuous phase, which 
is water, will not leave the domain by assuming the boundary as a free slip wall whereas the gas phase sees this 
boundary as an outlet. There are some assumptions and limitations such as the flow is assumed to be isothermal and 
at steady state, as well as the temperature of water and air is constant at 25 oC.   
The CFD model is solved in CFX-Solver. The convergence of the solution is based on monitoring the root mean 
square (RMS) changes of the solution variables. The RMS residual target is set to 1 x 10-4 with 300 iterations. The 
solution converges to maximum iterations or residual target, thus the result is ready to view in post processing mode. 
The pore size of membrane, mass flow of air and diffuser size is then varied to investigate two phase (air-water flow) 
mixing pattern in the reactor. 
 
 
3. Result and Discussion 
3.1 Effect of pore size of membrane diffuser to the air-water flow mixing pattern in aeration tank  
 
In this project, fine pore size of membrane diffuser is used to examine the air-water flow mixing pattern in the 
aeration tank. A fine pore diffuser normally produces from 1 mm to 3 mm bubbles by passing gas through a 
punched membrane. Plane x-z axes is used to show the air volume contour in the reactor at coordinate x = 0, y = 
0 and z = 0 to 0.3 m. The highest air volume fraction is achieved when membrane pore size 1 mm is applied in 
the aeration tank. The higher the air volume fraction, the higher the oxygen transfer to the system. This will 
improve the aeration process in the aeration tank. For the membrane pore size of 2 mm and 3 mm, the air 
concentrates at the center of the aeration tank whereas at the sidewalls, zones with almost no air developed. The 
death zone area is found to be the smallest in the reactor with 1 mm of membrane pore size with blue colour 
contour plot, it is normally found at the corner of the diffuser (Figure 2). 
 
Fig. 2.  Air volume fraction contour plot with varied membrane pore size diameter (a) 1 mm, (b) 2 mm, and (c) 
3 mm. 
 
(a) (b) (c) 
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 A straight line is developed between point (0, 0, 0.075) and (0, 0, 0.3) to investigate the changes of air 
volume fraction along the line. From the Figure 3, it shows that the 1 mm membrane pore size has the higher air 
volume fraction compare to 2 mm and 3 mm membrane pore size. The air volume fraction is decreasing when 
the vertical distance, Z is increasing. However, this trend is not applicable for 3 mm membrane pore size. The air 
volume fraction is disorder in the middle of reactor. 
 
 
Table 1. Statistics of nodes and elements which are generated in the meshing step. 
 
Total Number of Nodes 31534 
Total Number of Elements 171344 
Total Number of Tetrahedrons 171344 
Total Number of Faces 11454 
 
 
 
 
Fig. 3. Graph of air volume fraction versus vertical distance for different membrane pore size. 
 
 The vortices in the aeration tank can be viewed by analysing the curl of the velocity vector of fluid particle. 
The highest number of streamline of air velocity curl is observed when the diameter of membrane pore size is 2 
mm. However, this does not mean that better mixing occurs in reactor as illustrated in Figure 4(b). The best air-
water mixing occurs in aeration tank as depicted in Figure 4(a) due to the minimum value of the air velocity curl 
at 0.407 s-1 is larger than the other two aeration tanks. As results, the strength of the air velocity curl increases, it 
will be a better air-water mixing in the aeration tank. 
 
3.2 Effect of mass flow of air to the air-water flow mixing pattern in reactor 
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 Three different types of air flow rate is used to examine the air-water flow mixing pattern in the aeration tank. At 0.001 
kg/s of air flow rate is the common air flow rate which is used in aeration tank to provide oxygen to the system. The air 
volume fraction is the lowest when the mass flow rate of air is 0.005 kg/s. 
 
Fig. 4.  Streamline of air velocity curl when diameter of membrane pore size is (a) 1 mm, (b) 2 mm, and (c) 3 mm. 
              
 
Fig. 5. Air volume fraction contour when mass flow of air is (a) 0.0005 kg/s, (b) 0.001 kg/s, and (c) 0.005 
kg/s. 
 
Furthermore, the dead zone area is found to be the smallest when the mass flow rate of air is 0.005 kg/s. There 
is not much difference of air volume fraction value when mass flow rate of air is 0.001 kg/s or 0.005 kg/s. The 
size of the bubble equalizes as the air flow rate per unit of membrane area increases. Therefore, there is a little 
improvement in efficiency with small membrane pore size that is running at high air flow rate. 
The graph of air volume fraction versus vertical distance Z is plotted in Figure 6. The highest air volume 
fraction is found when the mass flow rate is 0.005 kg/s. The lowest value of air volume fraction is obtained when 
(a) (b) (c) 
(a) (b) (c) 
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the operating air flow rate is 0.0005 kg/s. Besides, there is not much difference of air volume fraction value when 
mass flow rate of air is 0.001 kg/s or 0.005 kg/s. The size of the bubble equalizes as the air flow rate per unit of 
membrane area increases. Therefore, there is a little improvement in efficiency with small membrane pore size 
that is running at high air flow rate. 
 The highest value of air velocity curl is achieved in the aeration tank as depicted in Figure 7(c), the highest 
the number of vorticity is observed in the aeration tank, the best air-water mixing produced. 
 
 
 
Fig. 6. Graph of air volume fraction versus vertical distance for different mass flow rate of air. 
 
 
 
Figure 7. Streamline of air velocity curl when mass flow rate of air at (a) 0.0005 kg/s, (b) 0.001 kg/s, and (c) 
0.005 kg/s. 
 
3.3 Effect of diffuser size to the air-water flow mixing pattern in reactor 
The practical range of ratio of area of tank to area of diffuser is between 4.5 – 20 [5]. Therefore, diameter of 
diffuser that is 30 mm, 40 mm and 50 mm are selected to find out the effect of diffuser size in the reactor. The 
total number of nodes and faces is the highest when the diameter of diffuser is 30 mm. Since the diffuser size is 
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smaller, more nodes and elements will be generated in the wall boundary of the reactor. 
High value of air volume fraction is achieved in these reactors. From Figure 8, the dead zone area is minimum 
when the diameter of diffuser is 40 mm. When the diffuser size is too small or too large, the efficiency of oxygen 
transfer is unchanged. 
 
Table 2.  Ratio of area of aeration tank to area of diffuser for three different diameter of diffuser  
 
Diameter of 
diffuser (mm) 
30 40 50 
Ratio of area of 
tank to area of 
diffuser 
11.11 6.25 4.00 
Total Number of 
Nodes 
31570 31534 31358 
Total Number of 
Elements 
171771 171344 170238 
 
 
Fig. 8. Air volume fraction contour when diameter of diffuser is (a) 30 mm, (b) 40 mm, and (c) 50 mm 
  
 The graph of air volume fraction versus vertical distance Z is plotted in Figure 9. The highest air volume  
fraction is found when the diameter of diffuser is 40 mm. The lowest value of air volume fraction is obtained 
when the diameter of diffuser is 30 mm. When the ratio of area of aeration tank to area of diffuser is 6.25, this 
model performs the best compared to the other models. 
 The lowest value of air velocity curl in reactor as shown in Figure 10(b) is the largest among the three 
reactors as illustrated in Figure 10(b) and 10(c). Although the number of vortices generated is lesser, the air-
water mixing pattern is still the best compared to the others. 
 
(a) (b) (c) 
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Fig. 9.  Graph of air volume fraction versus vertical distance for different diffuser size. 
 
 
Fig. 10. Streamline of air velocity curl when mass flow rate of air is diameter of diffuser at (a) 30 mm, (b) 40 mm, 
and (c) 50 mm. 
 
4. Conclusion 
 
Highest air volume fraction is found when the pore size of the membrane is smaller, higher mass flow of air, and 
the diameter of diffuser is in the practical range. Higher strength of air velocity curl will indicate the better quality of 
vortices generated in the reactor. A good solution may not be achieved in steady state since this problem may happen 
in transient state in reality. Therefore, a further research is needed to carry out on validation to gauge with the model 
accuracy in steady and transient state to achieve a better solution for this problem. 
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